The timing jitter performance of a 5 GHz quantum dot passively mode-locked laser is investigated at different harmonics in the RF spectrum. The necessity of measuring the phase noise at relatively large harmonic numbers is motivated experimentally in the context of determining the corner frequency, its correlation to the RF linewidth, and the related white noise plateau level. The single-sideband phase noise with an integrated timing jitter of 211 fs (4-80 MHz) is reported. An allmicrowave technique has been used to determine a pulse-to-pulse rms timing jitter of 96 fs/cycle. This low timing jitter value makes the chip-scale quantum dot mode-locked laser an attractive source for low noise applications such as optical clocking and sampling. M. Varangis, and L. F. Lester, "Optical gain and absorption of quantum dots measured using an alternative segmented contact method," IEEE J. Quantum Electron. 42(7), 725-732 (2006).
Introduction
Effective and compact semiconductor passively mode-locked lasers (MLLs) have been attracted plenty of attention due to the demand of ultra-low phase noise optoelectronic oscillators for optical signal processing applications [1] [2] [3] [4] . These applications include high speed optical sampling, all-optical clock recovery and clock distribution. Quantum dot (QD) materials offer several potential advantages to improve the timing jitter performance of a passive MLL, such as reduced internal loss, low spontaneous emission noise, and low linewidth enhancement factor [5, 6] . However, in contrast to active mode-locking, the timing stability issue (nonstationary processes) is the main disadvantage of passive MLLs due to the lack of an external reference source. Since timing fluctuations in the optical pulse train play an important role in determining the laser performance, it is crucial that the jitter characterization in a passive MLL be studied more thoroughly.
In this paper, we experimentally characterize the corner frequency and low-frequency plateau level in the phase noise of a nonstationary monolithic two-section passive QD MLL operating with a nominal 5 GHz repetition rate. The device exhibits a state-of-art integrated timing jitter value of 211 fs (4-80 MHz) and a pulse-to-pulse root mean square (rms) timing jitter of 96 fs/cycle for a 5 GHz passive QD MLL.
Device structure and fabrication
The QD structure investigated in this work was grown by elemental source molecular beam epitaxy on an n + -doped (100) GaAs substrate. The active region consists of six "Dots-in-aWell" (DWELL) layers. In each layer, an equivalent coverage of 2.4 monolayer InAs QDs is confined approximately in the middle of a 10 nm In 0.15 Ga 0.85 As quantum well (QW) [7] . The epitaxial structure and waveguide design are displayed in Fig. 1(a) . The 3-m-wide ridgewaveguide devices were etched by inductively coupled plasma (ICP) etching and planarized using benzocyclobutene (BCB). Ti/Pt/Au was then deposited to form the p-metal contact. The electrical isolation between the gain and absorber sections was provided by proton implantation with an isolation resistance of >10 M. After the substrate had been thinned and polished, a Ge/Au/Ni/Au n-metal contact was deposited on the backside of the n + -GaAs substrate and annealed at ~380°C for 1 minute to form the n-ohmic contact. The two-section QD passive MLLs were made with a total cavity length of 7.8-mm and a saturable absorber (SA) length of 1.1-mm. The nominal repetition rate of the QD MLL is 5 GHz. A highly reflective coating (R 95%) was applied to the mirror facet next to the SA to create selfcolliding pulse effects in the SA for pulse narrowing, and the output facet was cleaved (R 32%). The devices were p-side-up mounted on AlN heatsink carriers. These chip-on-carriers were then packaged into an industry-standard 14-pin butterfly packages with a thermoelectric cooler (TEC) and a polarization-maintaining lensed fiber pigtail as shown in Fig. 1(b) [8] . The function of the packaged module is to reduce environmental noise and enhance mechanical stability. The fiber-coupled light-current (L-I) curve under 7 V reverse voltage bias condition at 20°C is displayed in Fig. 2 . The inset is the optical spectrum showing the peak lasing wavelength at 1.33-µm under a gain current of 90 mA and an SA reverse voltage of 7 V. The typical average powers emitted by these devices under mode-locking conditions at the end of the fiber pigtail are 1-2.5 mW. The pulse durations are on the order of 10 ps. The time-bandwidth product of the MLL typically ranges from 2 to 10. 
Characterization results and discussion
The rms timing jitter characterization is performed via a 45 GHz bandwidth photodiode coupled to an Agilent 8565EC electrical spectrum analyzer (ESA) that has a 50 GHz frequency range. Since above the corner frequency, the phase noise in our QD MLL scales with harmonic number, the rms timing jitter is calculated by integrating the single-sideband phase noise (SSB-PN) spectral density, L(f), using the following expression [9] :
where n is the number of the harmonic at which the phase noise is measured, f R is the repetition frequency, and f min and f max determine the offset frequency range over which the L(f) is integrated. In contrast to previous optical cross-correlation techniques [10] , microwave data on the corner frequency and white noise plateau level across the 8 harmonics tested is used to calculate the pulse-to-pulse rms timing jitter [11] .
The optimum 3-dB RF linewidth shown in Fig. 3 is 26.8 kHz under a 90 mA DC bias on the gain section and 7 V applied to the absorber. The inset shows the full-span RF spectrum at the same bias condition. The RF linewidth is confirmed with a Lorentzian curve fitting through the ESA with a resolution bandwidth of 1 kHz. Figure 4 (a) displays the SSB-PN spectra, L(f), for different harmonics of the 5 GHz passive MLL device. The relatively low repetition rate of this monolithic passive MLL makes the characterization of higher order harmonics possible and all harmonics are phase noise dominated as confirmed in Fig. 4(b) . Above the corner frequency, the phase noise trace shows the typical roll-off with a slope of 20 dBc/Hz per decade until it hits the thermal noise floor. For communication system applications, the MLL is to be used as a transmitter, where clock-recovery is performed in the receiver. Consequently, the jitter on a very long timescale will not matter, as this will be trivially tracked by the clock-recovery circuit. Integration of the SSB-PN using the ITU-T specified range gives a timing jitter of 390 fs at the 3rd harmonic order (4 MHz to 80 MHz) as shown in Fig. 4(c) [12] . The phase noise trace hits the thermal noise floor at the offset frequency of 9 MHz. Thus, extrapolating the trace from 9 MHz at the standard roll-off of 20 dBc/Hz per decade results in a timing jitter value of 211 fs, the lowest reported to date of a 5 GHz passive MLL. From the data presented in Fig. 4(a) , the pulse-to-pulse rms timing jitter,  pp , can be calculated using the nonstationary passive MLL theory of Eq. (23) in [11] . The associated curve-fits to the 8 harmonics give an average  pp of 96±10 fs/cycle. Further noise performance of the passive MLL is investigated at different bias conditions. Figure 5(a) and (b) demonstrate the RF linewidth under 7 V applied to the absorber and 110 mA and 130 mA DC bias on the gain section, respectively. As seen in these figures, the RF linewidth broadens with increasing gain current to 95.4 (110 mA) and 294 kHz (130 mA), which implies that the pulse-to-pulse rms timing jitter should also rise [13, 14] . The SSB-PN spectra at the 3rd harmonic under different bias currents and 7 V reverse voltage are shown in Fig. 6 . It clearly demonstrates that the corner frequency increases from 14 kHz to 200 kHz to 1.6 MHz, as the gain current is raised from 90 mA to 110 mA and then 130 mA DC bias, respectively. Concurrently, the white-noise plateau does decrease since the total power of the oscillator has not changed much but the phase noise has broadened the spectral linewidth significantly. Thus, the corner frequency is a good figure-of-merit for MLLs regarding pulse timing stability. Here, it is empirically found from the data that the corner frequency varies as the square of the RF linewidth.
In contrast to actively mode-locked lasers [15] , the pulse train timing stability issue is still the main disadvantage of passive MLLs due to the lack of an external reference source. However, several methods have been proposed to reduce the phase noise in passive MLLs such as injection locking or external optical feedback [2, 3, 16] . Under the resonant feedback condition, the RF linewidth can be reduced which results in a smaller jitter value than the free-running case. The feedback effect has also been observed to improve the corner frequency down to a lower offset frequency level [17] . The detailed investigation of the external feedback effect on SSB-PN spectra will be discussed in a future paper. Furthermore, hybrid mode-locking techniques can also be used for lowering the white-noise plateau level of a MLL [1] . 
Conclusion
To the best of our knowledge, this is the first time that the relationships between the timing jitter, RF linewidth, and SSB-PN corner frequency and white-noise plateau in a monolithic passive QD MLL have been discussed. A state-of-the-art timing jitter value of 211 fs (4 MHz to 80 MHz) for a 5 GHz passive QD MLL has been reported. The best jitter and lowest corner frequency was found just above the threshold current of the MLL and then typically the performance degraded with increasing current bias in the gain section at a fixed absorber voltage. In general this behavior mirrors the trend in the pulse quality, which has been reported previously [18] . The wide offset frequency span examined (1 kHz to 100MHz) gives a better understanding of the noise performance at and below the corner frequency, which provides an alternative all-microwave method to obtain the pulse-to-pulse rms timing jitter. Further improvement of noise performance and corner frequency could be achieved under injection locking or external optical feedback.
